The frequency transmission over free-space link can effectively overcome the dependence of existing optical fiber time-frequency transmission technology on optical fiber network. In this paper, we demonstrate a passive phase correction technique over a 124 m long indoor atmospheric radio frequency (RF) dissemination. This scheme simplifies the system, and suppresses the effects of Rayleigh backscattering. We verify the feasibility of the scheme by transmitting 1 GHz RF signals over the atmospheric link. After timing fluctuation compensation, the relative frequency stability can reach 6.8 × 10 −15 for 1 s and 3.2 × 10 −17 for 10 3 s, the RMS timing fluctuation is 186 fs in 5000 s. It can be proved that the scheme is very effective in eliminating phase noise caused by atmospheric link.
Introduction
Precise time-frequency signal dissemination has significant applications in scientific research such as navigation and positioning, very long baseline interferometry, deep space network and time-frequency measurement [1] - [3] . Although, fiber-based time-frequency transmission has been widely developed and achieved unprecedented accuracy, this technology is limited to be transmitted in a fixed optical fiber network and many applications require more flexible free-space links between remote sites and possibly portable optical clocks and oscillators. In recent years, many teams have carried out important research on time-frequency transmission across a turbulent air path. For example, B. Sprenger has firstly conducted 100 m atmospheric optical frequency and 80 MHz RF frequency transmission experiment. The relative stability of the optical frequency can reach 1.68 × 10 −13 @1 s and that of the RF frequency is 1.31 × 10 −10 @1 s [4] . Gollapalli . RP has used femtosecond optical frequency comb and semiconductor laser to carry out 60 m outdoor atmospheric frequency transmission and analyzed the factors that cause stability degradation through the experimental results [5] - [7] . Giorgetta . FR has employed the technique of optical two-way time-frequency transfer (OTWTFT) to transmit coherent frequency comb signals in a 2 km atmospheric link, achieving a frequency stability better than 1 × 10 −18 for 1000 s [8] . Dong Hou has used optical frequency comb to conduct a 2 GHz RF frequency dissemination with a distance of 52 m by means of the passive compensation technique. The relative frequency stability is 3 × 10 −13 @1 s, 6 × 10 −17 @1000 s [9] . However, the prior works use either femtosecond frequency comb which is very complex and costly or complicated active compensation schemes. In this letter, we propose a RF frequency passive phase correction technique over free space which is simple and cost-effective.
Over the free-space transmission link, environment factors, such as air turbulence, platform motion, temperature drift, may introduce variations in the time of laser beam transmission [10] , which cause phase fluctuation of optical signal and drift on the transmitted RF frequency. In addition, turbulence can also cause beam wander, speckle and angle-of-arrival variations [11] , which create intensity fluctuations on the receiver. Due to power-phase coupling, laser beam intensity fluctuations can be converted into phase fluctuations of RF signals [12] . The above phase noises will reduce the accuracy of time-frequency signal transmission, hence, phase compensation is needed in atmospheric frequency transfer. Phase noises can be eliminated by active compensation schemes [13] - [17] and passive compensation schemes [18] - [23] . Active compensation schemes have disadvantages in terms of complexity, compensation speed and compensation range. The passive compensation schemes adopt the principle of phase conjugate compensation, which can realize high-precision phase compensation without active compensation devices, having higher robustness and simplicity of transfer system.
In this paper, we demonstrate a passive phase correction technique in indoor free-space frequency transmission. Instead of using an active phase suppression scheme based on a phaselocked loop, we send a round-trip probe signal to obtain the phase delay precisely with phase conjugation at the local end, accordingly, we can get a pre-compensated reference RF frequency at the remote site. This pre-compensation transfer link is almost unaffected by any delay fluctuation. The process is simple and robust, neither phase discriminator nor tunable delay lines are required, enabling a fast and efficient phase cancellation in the free-space link. Furthermore, with the use of different wavelengths for forth and back, the influence of backscattering can be efficiently suppressed. In order to stabilize the optical power, an EDFA is placed in the front end of each photodetector, by which the output power can be set to a fixed value (APC working mode). In order to verify our scheme proposed in this article, we conducted a RF signal transfer over a 124 m turbulent link. The fractional frequency stability can reach 6.8 × 10 −15 at 1 s and 3.2 × 10 −17 at 1000 s.
Principle
The principle of the proposed scheme is illustrated in Fig. 1 . At the local site, an output reference signal of analog signal generator (ASG) which is phase locked to a standard frequency source (Rubidium clock) is divided into two branches with a power splitter. One multiplies by three, the other one is intensity modulated onto the optical carrier of the transmitter1 and then emitted into the atmospheric delivery link with a telescope. At the remote site, the laser beam is reflected to the local site by a mirror. The reflected signal is collected by the telescope and detected by a photodetector (PD1), and then mixed with the local triple reference frequency to generate a phase-conjugated RF signal, where the phase noise introduced by the atmosphere is derived. Then the phase-conjugated signal is input into the transmitter2 and sent directly to a telescope and delivered to the remote end again. Along the same atmospheric link, the phase noise introduced by the atmosphere can be automatically eliminated. At the receiver of remote site, the corrected signal is collected by the telescope and detected by PD2. By dividing the detected signal by two and filtering through a band-pass filter, a stable RF signal is obtained. The principle of the passive phase conjunction noise-compensation technique is analyzed as follows.
Because of the reciprocity of turbulent atmosphere channels [24] , we assume that atmospheric turbulence has the same effect on the round-trip transmission of RF signals. At the local site, for simplicity, the standard reference signal can be expressed as (regardless of its intensity)
where ω r is angular frequency and ϕ r is initial phase. One of the standard RF signal multiplies by three, and the triple reference frequency can be written as
At the receiver of local site, the reflected signal is detected as
where t represents a timing fluctuation introduced by one-trip air turbulence link for the sent signal at the fundamental frequency, hence, the timing fluctuation of the second harmonics of the fundamental frequency signal can be written as 2 t. When V 2 is mixed with V 1 , a phase-conjugated RF signal is generated. Since these two signals are homologous, the phase-conjugated RF signal can be expressed as
After the same atmospheric delivery with time fluctuation of 2 t and phase delay of 2ω r t, the output signal can be obtained at the remote site
Finally, a stable RF signal V 5 ∝ cos(ω r t + ϕ r ) ∝ V r can be obtained at the remote end by frequency division. By comparing the signal V 5 with the reference signal from one branch of ASG, we can measure the relative frequency stability of the RF frequency transfer. From the above analysis, the proposed frequency transfer scheme based on passive phase compensation technology can cancel the propagation delay fluctuation induced by atmospheric turbulence without relying on extra phase compensation devices.
Experimental Setup
We conduct an indoor experiment to verify the propagation delay fluctuation suppression technique proposed in this article. The experimental structure of our free-space frequency transfer scheme is shown in Fig. 2 . At the local site, the transmission signal V r = 1 GHz is generated from the ASG (Agilent N5183B), which is locked by a Rubidium clock. Both local and remote sites employ direct modulated distributed feedback laser diodes (DFB LD). And the optical power is about With the use of different wavelengths of the three LDs, we can reduce the Rayleigh backscattering noise easily and improve the signal-to-noise ratio (SNR). The telescope (60fc-t-4-m200-37 from Schafter+Kirchhoff) is the small-caliber optical fiber collimator which has the function of tilt adjustment to eliminate the halo phenomenon of collimating beam and the shear beam generated by diffraction. The collimator has a focal length of 200 mm and consists of a monochromatic lens that coated with anti-reflection film of 1550 nm. The maximum clear aperture is 48 mm and the diameter of parallel beam is 35.9 mm. Therefore, it can be calculated from equation (6) [25] that the maximum working distance of the collimator at 1550 nm can reach 653 m due to the limitation of diffraction. The diameter of the beam is approximately constant within the working distance.
where A is the maximum working distance, f , beam and λ represent the focal length of collimator, the diameter of the beam and the wavelength of the beam, respectively. Our free-space link are located in indoor corridor, the local site and the remote site are placed together. A silver-plated mirror is placed at the reflection end and 62 m away from the local site. The modulated laser beam is emitted into the atmospheric delivery link with a telescope, and then transmitted to the remote end, where a mirror is midway. The optical power jitter caused by turbulence in the telescope is about 2∼4 dBm, which will lead to the deterioration of the signal to noise ratio of the demodulated frequency signal. In order to stabilize the optical power, a customized EDFA with a minimum input power of −25 dBm is placed in the front end of each photodetector. The output power of EDFA can be set to a fixed value, here is 4 dBm. The ASG 1 GHz reference signal and the one recovered from the remote end are input into phase discriminator (its core component is HMC439QS16GE). The output DC voltage data are collected by digital voltmeter (Keysight 34410A) with a bandwidth of 10 Hz and used for phase and stability analysis for noisesuppression state. In order to compare the stabilities of the 1 GHz frequency signals with and without passive compensation of the propagation delay, a direct link is designed. In this link, a 1 GHz RF signal launches into the 124 m atmospheric transmission link and is extracted from a PD and then directly mixed with the reference signal. For the noise floor measurement, here we use a 1 m short optical fiber to replace the 124 m air link. 
Result and Discussion
The experiment was conducted in a normal indoor environment. To obtain the same turbulence effect on the round-trip link, the telescopes were installed together as close as possible. The experimental results of timing fluctuation, relative frequency stability and phase noise were measured and analyzed, which are shown in Figs. 3-5. Fig. 3 shows the propagation delay fluctuation results of atmospheric frequency transmission. Curve (i) is the result of the free-running, and its peak-to-peak value is calculated as 8.7 ps and the timing fluctuation of RMS is about 902 fs for 5000 s. Curve (ii) shows the propagation delay drift of the dissemination signal with compensation. The maximum drift of the propagation delay is 760 fs and the RMS value is 186 fs for 5000 s, where the main sources are the asymmetry of the free-space link, the asymmetry introduced by EDFA and the thermal drift of the electrical amplifier. Curve (iii) is the propagation delay fluctuation of the noise floor, which is mainly affected by laser noise and electronic noise. Within 5000 s, the peak-to-peak value is 119 fs, and the RMS value is 20 fs. From Curve(i) and Curve(ii), it shows that passive phase compensation technology can effectively suppress timing fluctuation.
The above-mentioned timing fluctuations are used to calculate the fractional frequency stability of the three cases, which are shown in Fig. 4 . The Modified Allan Deviation without phase compensation is 6.2 × 10 −13 for 1 s and 1.2 × 10 −16 for 1000 s. And the transmitted signal with pre-compensation has an instability of 6.8 × 10 −15 for 1 s and 3.2 × 10 −17 for 1000 s. The noise floor of the frequency transmission system can reach 3.7 × 10 −15 for 1 s and 1.4 × 10 −17 for 1000 s. It can be found that the time jitter for pre-phase-correction state is suppressed, and the short-term/long-term stability of the 1 GHz signal are significantly improved as well, compared with the case without noise-suppression. Meanwhile, the results of our compensated link are close to the system noise floor.
The result of phase noise is shown in Fig. 5 . Curve (i) and (ii) are the phase noise of the transferred 1 GHz RF signal without and with timing fluctuation suppression, respectively. Curve (iii) shows the background noise floor of the 1 m short link. From curve (i) and (ii), we can see the phase noise is suppressed at 10 Hz-1 kHz offset frequency, which is consistent with the short-term stability improvement of relative frequency stability. It can be proved that the noise on the free-space link can be eliminated by the noise suppression system. Comparing the relative frequency stability of our transmission system with that of current cesium-based atomic clocks [26] , it shows that the former one is lower than the latter one. Therefore, we believe that it is feasible to transmit the commercial Cs or Rb clock signals through turbulent atmosphere using the proposed scheme when optical fiber link is unavailable.
Conclusion
We have demonstrated a passive phase correction technique over a 124 m long indoor atmospheric RF frequency dissemination. The advantage of the scheme is that it is simple and cost-effective. Firstly, DFB lasers are used in the scheme other than femtosecond frequency comb, which is very complex and costly. Secondly, the scheme is based on the self-correction of the noise induced by atmospheric link without relying on active phase compensation and it greatly simplifies the structure of local and remote sites. Furthermore, the use of EDFA effectively stabilizes optical power fluctuations caused by turbulent air and improves short-term stability. Experimental demonstration of frequency transmission over 124 m indoor free-space link was realized. The RMS value of the transmitted RF signal is 186 fs at 5000 s, and the transfer stability can reach 6.8 × 10 −15 at 1 s and 3.2 × 10 −17 at 1000 s. The experimental results show that passive compensation system can effectively eliminate the phase noise introduced by the atmospheric link, and it is feasible to transmit Cs or Rb atomic clock signal using the free-space frequency transmission scheme proposed here. In the future work, we will extend the transmission distance to level of kilometers and focus on the robustness of the scheme under different atmospheric turbulence or weather conditions.
